This paper compares the imaging performance of a 128 +128 element row-column addressed array with a fully addressed 16×16 2D array. The comparison is made via simulations of the point spread function with Field II. Both arrays have lambda-pitch, a center frequency of 3.5 MHz and use 256 active elements. The row-column addressed array uses 128 transmit channels and 128 receive channels, whereas the fully addressed array uses 256 channels in both transmit and receive. The large size of the emulated row and column elements in the row-column addressed array causes ghost echoes to appear. The ghost echoes are shown to be suppressed when the sub-elements within each of the emulated row and column elements are apodized. The maximum ghost intensity is suppressed by 22.2 dB compared to using no apodization. With apodization applied, the full-width-at-half-maximum in the lateral direction for the fully addressed array is 2.81 mm, and 1.01 mm for the row-column addressed array. This shows that the detail resolution can be more than doubled using the row-column addressed array instead of the fully addressed array. The row column addressed array achieves a R 20 dB cystic resolution of 0.76 mm, compared to 3.16 mm for the fully addressed array. The significantly smaller R 20 dB -value for the row-column addressed array indicates that it can achieve a much higher contrast resolution than the fully addressed array.
INTRODUCTION
For ultrasonic 3D imaging, 2D array transducers are needed to achieve real-time scanning of a volume.
1, 2 The number of elements in a fully addressed N×N 2D array scales with N 2 . In 2D imaging, a 1D array using more than 100 elements is often used. Using a fully addressed 2D array, this would correspond to an array with more than 10 000 elements. To control the individual elements in the array, a connection has to be made to each element. Hereby, any delay or apodization scheme can be applied, offering maximum control and flexibility in the image processing. [2] [3] [4] However, addressing each element individually results in a vast amount of interconnections and offers a great challenge in acquiring and processing the large amount of data. Reducing the number of transducer elements by using sparse arrays has therefore seen a great amount of interest in the last couple of decades.
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One of the drawbacks of sparse arrays is the lower emitted energy from the reduced number of elements. This leads to a lower SNR in the recorded ultrasound image. The sparse arrays also have higher side-lobes and can introduce grating lobes in the field. a row-column addressed array is shown to give rise to ghost echoes. Apodization of the sub-elements is proposed as a solution to reduce the ghost effects. Finally, the imaging performance of a row-column addressed array is inspected and compared with the imaging quality of a fully addressed 2D array.
METHODS/THEORY
This section describes how 3D focusing can be achieved with a row-column addressed array, what its disadvantages are, and what can be done to minimize them.
Focusing
Each of the emulated 1D arrays can focus in one dimension. When using the vertical array, seen in Fig. 1 , as a transmit array and the horizontal from the same figure as a receive array, the x-dimension can be dynamically focused in receive and the y-dimension focused in transmit. The y-dimension can be dynamically focused in transmit when using synthetic transmit focusing. The emitted wavefront of a single element has the shape of a cylinder surface: it is a plane wave in the z-x plane and a circle arc in z-y plane. This is illustrated in Fig. 2 . The time of flight is given by the shortest distance from the source to the scatterer and back to the receiving element, divided by the speed of sound. Using the notation from Fig. 2 , this can be written as:
where r e is the vector from the emitting element to the focus point, r r is the vector from the focus point and back to the receiving element, and c is the speed of sound in the medium. Since the length of each element is large, the usual assumption that the elements are point sources no longer holds. Therefore, r e and r r connects the focus point to the closest point on respectively the source element and the receiving element. This can also be seen in Fig. 2 .
Determining r e and r r is solved by calculating the distance between an arbitrary point in 3D, the focus point P, and a line segment AB from point A to point B. This is illustrated in Fig. 3 . The projection of the 000000000000000000 000000000000000000 111111111111111111 111111111111111111 0 1 00 00 11 11 000 000 111 111 00 00 11 11 000 000 111 111 000 000 111 111 00 00 11 11 000 000 111 111 00 00 11 11 000 000 111 111 000000000000000000 000000000000000000 111111111111111111 111111111111111111 00 00 11 11 000 000 111 111 00 00 11 11 000 000 111 111 000 000 111 111 00 00 11 11 000 000 111 111 00 00 11 Figure 3 : Projection of the point P onto the line segment AB. s is the distance from A to the projected point and d is the shortest distance from P to AB.
point P onto the line AB is found using the dot product:
where s is the distance between A and the projection of P onto AB. s is positive if the projected point is located on the same side of A as B, and negative if it is located on the other side. By normalising s with the length of the line segment it is mapped to lie in the interval [0, 1], when the projected point is located on the line segment (between A and B):ŝ
When the projection of P onto the line lies between A and B, i.e. whenŝ ∈ [0, 1], the standard formula for the distance between a line and a point can be used:
Whenŝ / ∈ [0, 1], the shortest distance from the line segment to the point is the distance from either one of ends of the line segment (A or B) to the point (P). The following therefore determines the minimum distance between the point P and the line segment AB:
Using (5), the distances r e and r r can now be determined as
where xmt m is the A and B coordinates of the m'th transmit element and rcv n is the corresponding coordinates for the n'th receive element. By inserting (6) into (1), we arrive at
The focused signal at point P is given by summing all receive signals at the time instances given by (7):
where M is the number of transmit elements, N is the number of receive elements, a n is the receive apodization, y m,n (t) is the received signal from emission m to receive element n at time t.
Area and resolution scaling
The row-column addressed array is similar to the Mills cross array, which has been used and analysed by several authors. 14, 15 They both consist of two orthogonal 1D arrays. The difference is that for each channel to the cross array there is one physical element, and for each channel to the row-column array there is an entire row or column of physical elements. The row-column addressed array can therefore emit far more energy than the cross array, or any other of the sparse arrays.
In the following, a comparison of the row-column addressing is made with the sparse 2D Mills cross and the fully sampled 2D array. The Mills cross consists of 2N − 1 elements on a N×N 2D array. In Fig. 4(a) 00 11   000  000  111  111  00  00  11  11  000  000  111  111  00  00  11  11  000  000  111  111  00  00  11  11  00  00  11  11  000  000  111  111  00  00  11  11  000  000  111  111  00  00  11  11  000  000  111  111  00  00  11  11 area of the row-column addressed array, the fully addressed array and the Mill Cross is plotted. The marked points indicate five different array sizes: 32×32, 64×64, 128×128, 256×256 and 512×512 element 2D arrays. As expected, the surface area per channel is much larger for the row-column array than for the two other arrays. The row-column addressed array is seen to have one order of magnitude larger surface area than a cross array for a 32x32 element array. When using 1024 (2 10 ) channels, the surface area of the row-column addressed array is more than two orders of a magnitude larger than the surface area of the two other arrays.
In Fig. 4(b) a rough estimate of full width at half maximum (FWHM) for each array is plotted. This prediction is only for the main-lobe size and says nothing about the side-lobe levels. The estimate builds on the standard formula for the main-lobe width:
where d is the depth to the focal point, w is the width of the array and λ is the wavelength. The above equation assumes focusing in both transmit and receive. Since the row-column addressed array only focuses one-way in each dimension, a rough estimate is made that its main-lobe size is 35 % wider than predicted by (9) . The row-column addressed array is seen to perform almost as good as the Mills cross and much better than the fully addressed 2D array for the same amount of elements.
That the row-column addressed array both has a large surface area and promises to achieve a high resolution per active channel is what makes it a very interesting candidate for real-time 3D imaging.
Edge effects
When an emitted waveform is reflected by a point scatterer will the reflected wave have the shape of a sphere. Just as the reflected spherical wave intersects with the receiving line element, will only the first part of the wave interact with the sub-elements. This is illustrated as the wave at t 1 in Fig. 5(a) . The measured signal from the line element is a sum of the sub-element signals. At time t 1 will the signals from the sub-elements be mostly in phase, which is illustrated in the top plot of Fig. 5(b) . The line element therefore outputs a strong signal at t 1 . A short time later, the entire reflected wave intersects with the line element at two locations. This is illustrated as the wave at time t 2 . The amplitude of the transmit waveform used in medical ultrasound is usually symmetric around zero and the integration of the waveform is therefore close to zero. As seen in the center plot in Fig. 5(b) , the output from the line element at t 2 is very close to zero. The output of the line element is zero as long as the entire waveform intersects with it. The first part of the waveform does at the time t 3 not intersect with the line element anymore. The line element therefore has a small output at t 3 , which is shown in the bottom plot in Fig. 5(b) .
To minimize this effect, the edge sub-elements should have a lower weighting. This can be achieved by applying an apodization window on the physical sub-elements within the line elements. This apodization is in this work referred to as hardware or sub-element apodization. The hardware apodization is applied in the horizontal direction when using the vertical array in Fig. 1 , and vice versa.
SIMULATION SETUP
All simulations are carried out using Field II 16, 17 and beamformed using BFT3. 18 The transducer used in the simulations is a row-column addressed 128 + 128 element 2D array. The exception is the fully addressed 2D array, used for comparison in Fig. 8 , which is a 16×16 2D array. The simulation parameters can be seen in Table 1 .
The point spread function is simulated by imaging a volume containing a single point scatter. The point scatterer is in all simulations placed in front of the transducer at (x, y, z) = (0, 0, 50) mm. With both transducers a single element is used per emission. This leads to 128 emissions for the row-column addressed array and to 256 emissions for the fully addressed array. All apodizations applied are implemented using a Hann window.
The row-column array is emulated by simulating a fully addressed 128×128 array and then summing the responses of all elements of each column. This results in one signal per column. In transmit, the same waveform is applied to all elements within the same row. Hence, one waveform is used per row.
RESULTS
In this section, the results of predicting the time of flight and the effect of using apodization is presented.
Time of flight prediction
The gray scale images in Fig. 6 represent the envelope of the simulated received signal after column element 64 has emitted the transmit waveform. The earliest arrival is the main wavefront, and the following wavefronts appear because of the edge effect. Because of symmetry with the scatterer located at (x, y) = (0, 0), only two dominating edge waves appear. The overlaid lines are the calculated arrival times of each wavefront. The lines are seen to be right on top of the wavefront envelopes and they thereby predict their arrival time.
In Fig. 6(a) , no hardware apodization is used and two ghost echoes are clearly visible. The maximum amplitude of the two ghost echoes are −18.7 dB and −42.1 dB relative to the main wavefront. After applying hardware apodization, the two ghost echoes are suppressed to −40.5 dB and −93.0 dB, which is seen in Fig. 6(b) . 
Apodization effects
The effect on the PSF of applying apodization is shown in Fig. 7 . In Fig. 7(c) , traditional apodization is applied during the beamforming. In Fig. 7(b) , hardware apodization, described in section 2.3, is applied directly on the sub-elements of each transmit and receive row/column element. No apodization is applied in Fig. 7 (a) and in Fig. 7 (d) are both apodization types are applied.
The conventional beamforming apodization is seen to greatly reduce the side lobes of both the main response and the ghosts. The cost is a slightly larger main-lobe. The hardware apodization suppresses the ghosts, but has no influence on the main response. The maximum ghost intensity is reduced by the hardware apodization with 22.2 dB from −22.3 dB to −44.5 dB.
A comparison between the row-column addressed array and a fully addressed array with the same amount of channels is shown in Fig. 8 . The PSF of the fully addressed array is seen to have both a wider main-lobe and larger side-lobes than the row-column addressed array. The FWHM in the lateral direction (x-dimension) of the row-column addressed array is 1.01 mm, while it is 2.81 mm for the fully addressed array. This shows, that when using the same amount of channels in the ultrasound imaging system, but changing the transducer array from a fully addressed array to a row-column addressed array, the resolution can be increased by more than a factor of two. As seen from Fig. 4(b) , this factor increases with larger arrays.
The cystic resolution describes the ability to detect an anechoic cyst in a uniform scattering medium. Specifically, the cystic resolution gives the intensity at the center of an anechoic cyst of a given size relative to its surrounding uniformly back-scattering medium. 19 The lower the intensity at the center of the cyst, i.e. the darker it appears in the image for a given cyst size, the better imaging performance of the system. The relative intensity (RI) of the anechoic cyst was shown by Ranganathan and Walker, 20 to be quantized as the clutter energy to total energy ratio,
where E in is the signal energy inside a circular region with radius, R, centered on the peak of the point spread function. E tot is the total point spread function energy and E out is the point spread function energy outside the Comparison of the achievable PSF from a row-column addressed array and a fully addressed array, with the same number of active elements. As a result of both the x-dimension (in receive) and the y-dimension (in transmit) being dynamically focused is the performance in the two dimensions completely identical. circular region. To achieve a single number from the RI(R)-curve, the required radius to achieve a 20 dB relative intensity between the center of the cyst and its surroundings is determined. This is written as R 20dB .
The −20 dB cystic resolution is in the z-x plane 0.76 mm for the row column-addressed array and 3.16 mm for the fully addressed array. This indicates that the achievable contrast will be much higher with the row-column addressed array.
CONCLUSION AND PERSPECTIVES
The imaging quality of a row-column addressed array, that promises to greatly reduce the amount active channels used in 3D and 4D ultrasound imaging, was presented. It was demonstrated how focusing can be achieved with a row-column addressed array. The PSF was shown to contain ghosts, originating from edge effects of the long row and column elements. When using synthetic transmit focusing and applying both beamforming and hardware apodization, the imaging quality of the row-column addressed array was shown to be superior to the imaging quality of a fully addressed array using the same amount of channels. The array simulated uses only 128 channels in transmit and 128 channels in receive to achieve 3D imaging. The array also has a large footprint, which gives it the potential to achieve a high penetration depth and signal-to-noise ratio. The array thereby seems very promising for 3D and 4D imaging. Even for 2D imaging, the array could be used. In 2D imaging, it could do plane wave imaging with the out-of-plane dimension dynamically one-way focused.
